Abstract-This paper proposes a new double winding induction machine and its speed control methods. The machine consists of two stator windings and one cage rotor. One stator acts as a motor and the other as a generator. By controlling the voltage supplied to the secondary or the generator winding, the rotor speed can be adjusted. The machine has a similar speed control characteristic to that of a slip-ring induction motor equipped with the rotor energy recovery scheme. The construction, principle, equivalent circuit, and speed control schemes of the new machine are presented. The performance characteristics of the machine are analyzed using the equivalent circuit and verified by experimental results.
I. INTRODUCTION
C AGE-ROTOR and wound-rotor induction machines are the two most common types of induction machines. The former has a low manufacturing and operation cost but poor speed controllability. The latter has a higher cost but provides flexibility in speed control and energy recovery. Variable frequency drive is the most common scheme employed to vary the speed of cage-rotor motors. For the wound-rotor motors, the slip ring energy recovery scheme is commonly used. The scheme achieves speed variation by injecting a voltage to the rotor winding. Excess energy of the rotor is recovered from the slip ring and associated power electronic circuits. This scheme is very efficient and the rating of the power electronic circuit is low. However, it needs to access to the rotor circuit and, therefore, only works for the more expensive wound-rotor motors.
It has been very desirable to develop an induction machine that can combine the advantages of the cage-rotor and woundrotor machines. This has motivated a number of research works over the past several decades. One notable development in this direction is the two-stator induction machines [1] - [7] . In [1] and [2] , a dual stator induction machine is constructed by "splitting" the stator winding into two displaced identical windings. But the winding splitting in this way is actually a drawback. The reason is that the mutual coupling between the two stator windings will cause circulating harmonic currents which will lead to extra stator energy losses. In [3] - [7] , a different type of double winding induction machines is proposed. The machine is made up of two independent stator windings and one cage rotor. Angular position of one stator winding is mechanically adjustable. By changing the position of the movable stator, the phase of the rotating magnetic field produced by it is altered. Consequently, the total magnetic field in the air-gap is varied, resulting in a different speed for the rotor. The main disadvantage of this machine is the need for a mechanically movable stator, which can be expensive to achieve. In addition, the machine cannot vary speed continuously since adjustment to the stator is made offline.
In this paper, we propose a new type of double winding induction machine. The machine consists of two stator windings and one common cage rotor. One stator acts as a motor and the other as a generator. By controlling the voltage supplied to the secondary or the "generator" winding, the rotor speed can be adjusted. Studies show that the machine can achieve a similar speed characteristic as that of a slip-ring induction motor equipped with the rotor energy recovery scheme. Since there are no wound rotor and slip-ring, the machine has more advantages than the slip-ring machine. The power electronic circuit needed for speed control is simpler and smaller than that used for the cage motors. The proposed machine could, therefore, have some advantages over the variable frequency drive supplied cage motor as well. In this paper, the construction, principle, equivalent circuit, and speed control method of the new machine are presented. The performance characteristics of the machine are analyzed using the equivalent circuit and verified by experimental results.
II. PRINCIPLE OF THE PROPOSED MACHINE
The basic construction of the proposed machine is shown in Fig. 1 . The machine has two independent stator windings and one common cage-rotor. The two stator windings are placed sequentially along the rotor axis. There is therefore no magnetic coupling between the two windings except leakage fluxes. One of the stator windings, called the main winding, works like the stator winding of traditional cage-rotor machines. The second stator winding, called secondary winding, has a similar construction to that of the main winding, but its current can be adjusted by controlling the supply voltage. Note that the secondary winding current can be coupled onto the rotor circuit inductively. It has, therefore, the potential to change the rotor current and torque characteristics. In comparison, the wound-rotor machine controls rotor current using conductively injected voltage and, consequently, slip-ring is required.
Another important feature of the new machine is that the two windings produce magnetic fields in opposite polarities (Fig. 2) . This is achieved by changing the polarity of the current injected into one of the windings. The principle of the machine can be understood as follows: 1) The magnetic field of the main winding drives the rotor as a motor; 2) The rotor produces a current due to induction. This current, in turn, produces a rotating magnetic field in the air-gap; 3) The magnetic field will interact with that produced by the secondary winding. Since the rotor field is "'ahead of" the field produced by the secondary winding due to the polarity arrangement, the rotor field in effect "pulls" the secondary stator field, like what happens in a synchronous generator; 4) As a result, part of the rotor power is converted into the secondary winding. If the amount of power converted can be controlled, one could change the rotor speed. The power control can be achieved, for example, by changing the voltage supplied to the secondary winding.
It is important to note that the two stator windings are arranged longitudely along the rotor axis. As a result, they do not interact magnetically and the air-gap MMF would have similar level as that of the traditional machine. The harmonic characteristic of the machine is similar to that of the traditional machines, namely, the machine injects little harmonics into the system and the main source of harmonics would be the space harmonics. This is because the machine is in effect equivalent to two slip-ring machines with rotors connected mechanically and electrically (see Section IV). The space harmonics may create additional noise and vibration. This subject is beyond the scope of current paper but will be investigated in due course. Fig. 3 shows the equivalent circuit of the new machine. The main stator is energized by a fixed voltage and the secondary stator is connected to a controllable voltage source. This circuit is derived by analyzing the motor structure shown in Fig. 1 . Validity of this equivalent circuit has been verified with experimental studies to be presented in Section IV. The equivalent circuit can be described with following equations:
(1) where winding impedance per phase of the first stator; winding impedance per phase of the second stator; equivalent winding impedance per phase of the rotor; magnetizing impedance per phase of the first stator; magnetizing impedance per phase of the second stator. The three-phase output power and output torque can be found according to the following equations:
where and are the output power and torque delivered to the rotor, respectively. Friction and windage losses are neglected in these equations. In (4) , is the synchronous angle speed of the rotating magnetic field.
III. METHOD FOR SPEED CONTROL
There are a few methods available to vary the speed of the proposed machine. The scheme shown in Fig. 4 is probably the most promising one. In this scheme, the secondary winding voltage is controlled by varying the firing angle or duty ratio of the thyristors [8] . The scheme of varying firing angle is called phase control. This scheme can reduce the voltage supplied to the secondary winding on a cycle-by-cycle basis. Some harmonics are produced in the process. The scheme of varying the duty ratio is called integral cycle control. In this scheme, the thyristors are controlled to be simply on and off. By changing the duration of the on-state versus the off-state, the average voltage supplied to the winding is changed. Since there is no partial conduction of the thyristors, this scheme does not produce harmonics. It is important to note that this power electronic circuit is much simpler than the converter/inverter circuit used for the slip energy recovery scheme of the wound rotor motor. Furthermore, the circuit does not need to handle full motor load as only the recovered energy flows through it. This will lead to reduced cost and reduced harmonic injection to the supply system.
The currents of both the main and the secondary stators will induce voltages in the rotor. The magnitudes of the induced voltages are function of slip and are equal to and , respectively, if the magnetic branches are ignored. The voltages have a 180 phase difference. The main stator voltage is uncontrolled, hence is uncontrollable. However, can be controlled by regulating , and accordingly the rotor current and torque can be controlled. The control strategy of is inspired by the slip energy recovery scheme of the wound rotor machine. In the scheme, a voltage source with a magnitude of is conductively injected into the rotor circuit via slip ring of the motor, where is the slip under no-load condition [9] . For the proposed machine, a similar voltage can be inductively injected into the rotor circuit. This can be done by letting the induced voltage equal to constant as follows: (5) Equation (5) is the control strategy for the proposed machine. It is simple and can be easily implemented. By substituting (5) into (1), we can find the rotor current . Motor output power and torque as a function of speed can also be found from (2) and (3). Fig. 5 shows the simulated torque-slip curves for different speed settings . The motor parameters are derived from a 600-V, 500-hp induction machine and are listed in Table I . From the figure, it can be seen that the -s curves cross the slip-axis at the set point . This confirms that the proposed machine and its speed control scheme can indeed achieve a torque characteristic similar to that of a slip energy-recovery machine [9] .
IV. EXPERIMENTAL STUDY RESULTS
Performance of the proposed machine has been investigated using experiments and simulations. For the experimental study, an emulated double winding machine is constructed with two identical three-phase wound-rotor induction machines. Fig. 6 shows the structure of the experimental machine. The rotors of the two wound-rotor machines are mechanically coupled and Table II . Friction and windage losses are also included in the table. It is evident that the measured machine parameters are very close to those calculated from the equivalent circuit shown in Fig. 3 . The impedances of the main and the secondary stator windings ( and ) are equal to those of the individual motor stator, so is the magnetizing impedance. The rotor impedance of emulated machine is very close to the combined value of the two individual motors' rotor impedance. All of these results confirm validity of the equivalent circuit developed in Section II.
The torque-slip curves were obtained by varying with a set of values. is regulated according to (5) . The output torque and speed were measured directly and the results are compared with the simulation results obtained from (1) to (5). In the simulation, the measured parameters in Table II were used and the friction loss was taken into account as (6) where is the mechanical power delivered to the rotor determined by (2) , is the actual mechanical power output. The friction and windage losses were measured as 9.5 W per phase and were assumed as constant for all speeds. Dividing both sides of (6) by the mechanical speed , we get (7) Here is the net torque output at the shaft. The stator and rotor core losses were ignored in all of the simulations. Figs. 7-9 compare the measured rotor current and mechanical output torque versus slip with the theoretically calculated ones for values of 0.1, 0.15, and 0.2, respectively. It can be seen from the figures that the rotor current will reach zero at the speed set by , which is similar to what a slip ring machine behaves. In addition, since the secondary stator is connected in opposite polarity to the main stator, energy will be fed back to the supply system through the secondary stator. This characteristic is also like that of the slip ring machine. The only difference is that the slip-ring machine recovers energy from the rotor while the proposed machine does it with the secondary stator. It is noted that the torque will approach zero at a lower speed than the set point, that is, before rotor current reaches zero. This is different from that predicted in Fig. 5 . The difference is caused by the fact that the friction and windage losses have been included in the calculation of Figs. 7-9. The figures also show that the measured points are very close to the calculated characteristic curves. This consistency proves the correctness of the equivalent circuit developed in Section II and the effectiveness of the control scheme developed in Section III. It should be noted that in Fig. 9 , the error between the measured and calculated torque is a little bit large. This is due to the fact that the mechanical loss is dependent on speed while we have assumed it a constant in calculations. In Fig. 9 , is larger and the torque is measured at lower speed, so the mechanical loss is different from the value we got at higher speed.
As shown in the figures, the experiments were carried out within a narrow speed range; thus, only few points are measured. This is because the size of the experimental machines is very small and the available load torque is discrete. The operating points at very lower speed are hardly measured since the rotor will stop at higher load torque. In the current-slip figures, moreover, we cannot get some points close to , or at comparatively high speed. This is due to the fact that the output torque will approach zero at lower speed than , in another words, output torque reaches zero before rotor current does. In spite of this limitation, the results are sufficient to confirm that the proposed machine indeed behaves as a slip-ring energy recovery motor and the correctness of our previous analysis.
V. DISCUSSIONS
As explained in Section IV, both simulations and experiments have shown that the machine exhibits speed control characteristics similar to that of the slip-ring motor. For practical applications, the machine efficiency characteristics and physical size should also be considered. Such issues are discussed in this section. The machine parameters employed in Section III are used as an example to assess the efficiency characteristics since they represent real life large motors. The load torque as a function of speed is shown in Fig. 5 . By ignoring the friction loss, the efficiencies of the machine at different operating points are plotted in Fig. 10 . It is found that when the slip changes from 0.027 to 0.15, the efficiency decreases from 92% to 66%. At lower speed, the efficiency is not high. This is one of the shortcomings of the proposed machine and further research works are being conducted to address the problem. Possible ways to improve the efficiency include optimizing machine parameters and employing alternative speed control strategies.
The physical size of the proposed motor is expected to be larger than that of a standard machine. The machine must be made longer in order to accommodate the secondary winding. To estimate the size increase, one can examine the apparent power ratio of the secondary stator to the main stator . The result is shown in Fig. 10 . It can be seen that the power recovered through the secondary stator is less than 50% of the power received from the main stator. This implies that the ratings of the secondary stator winding and its power electronic circuit are less than 50% of the motor rating. Consequently, the length of machine is at most 50% larger than that of the traditional machine.
VI. CONCLUSIONS
A new cage-rotor double winding induction machine and its speed control method have been presented in this paper. Both analytical and experimental study results show that the machine has a speed characteristics similar to that of a slip-ring woundrotor induction motor equipped with the rotor energy recovery scheme. The main advantages of the proposed machine are
• The machine does not require wound-rotor and slip-ring to achieve desirable variable speed characteristics. • The power electronic circuit for speed control is simpler in topology as compared to those circuits employed by either cage rotor or wound rotor induction machines. • The rating of the power electronic circuit is also lower as it only carries recovered power. The machine therefore causes less harmonic disturbances to the supply system. • As a new machine, it still needs a lot of research and improvement to be practically useful. The areas to be improved include the efficiency characteristics and the reduction of maximum torque when the machine speed is decreased. Another disadvantage of the machine, which may be unavoidable, is its larger physical size.
